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Research Highlights 1 
A proposed picosatellite formation could provide volcanic plume height measurements. 2 
Proof of concept tested using photographs taken from the International Space Station. 3 
Astronaut photos of 2009 Sarychev eruption processed using structure-from-motion. 4 
Plume height measured to a precision of ~200 m, also with ascent velocity estimates. 5 
Results constrained a plume model to suggest a mass eruption rate of 2.6×106 kg s-1.   6 
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Abstract 25 
Volcanic ash clouds can present an aviation hazard over distances of thousands of kilometres and, to 26 
help to mitigate this hazard, advanced numerical models are used to forecast ash dispersion in the 27 
atmosphere. However, forecast accuracy is usually limited by uncertainties in initial conditions such as 28 
the eruption rate and the vertical distribution of ash injected above the volcano. Here, we demonstrate 29 
the potential of the Telematics Earth Observation Mission (TOM) picosatellite formation, due for launch 30 
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in 2020, to provide valuable information for constraining ash cloud dispersion models through 31 
simultaneous image acquisition from three satellites.  TOM will carry commercial frame cameras. Using 32 
photogrammetric simulations, we show that such data should enable ash cloud heights to be 33 
determined with a precision (~30–140 m depending on configuration) comparable to the vertical 34 
resolution of lidar observations (30–180 m depending on the cloud height). To support these estimates, 35 
we processed photographs taken from the International Space Station of the 2009 Sarychev Peak 36 
eruption, as a proxy for TOM imagery. Structure-from-motion photogrammetric software successfully 37 
reconstructed the 3-D form of the ascending ash cloud, as well as surrounding cloud layers. Direct 38 
estimates of the precision of the ash cloud height measurements, as well as comparisons between 39 
independently processed image sets, indicate that a vertical measurement precision of ~200 m was 40 
achieved. Image sets acquired at different times captured the plume dynamics and enabled a mean 41 
ascent velocity of 14 m s-1 to be estimated for regions above 7 km. In contrast, the uppermost regions of 42 
the column (at a measured cloud top height of ~11 km) were not ascending significantly, enabling us to 43 
constrain a 1-D plume ascent model, from which estimates for the vent size (50 m) and eruption mass 44 
flux (2.6×106 kg s-1) could be made. Thus, we demonstrate that nanosatellite imagery has the potential 45 
for substantially reducing uncertainties in ash dispersion models by providing valuable information on 46 
eruptive conditions.  47 
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1 Introduction 53 
Volcanic ash clouds represent a serious hazard to aviation and can cause widespread disruption. 54 
Numerical models are used to forecast ash cloud dispersion away from volcanoes. However, forecast 55 
accuracies are limited by poor constraints on eruption source parameters, including how high the ash is 56 
emplaced at the source, the mass eruption rate and the near-source plume dynamics (Bonadonna et al., 57 
2012; Zehner, 2010).  Uncertainties in these parameters can lead to particularly different forecast results 58 
in areas of high wind shear, e.g. Heinold et al. (2012), which can occur across height intervals of less 59 
than 500 m. Here, we show that pico- and nanosatellites can be used to provide valuable data to 60 
constrain ash cloud dispersion models by providing high quality estimates of ash cloud height and by 61 
constraining eruption models. 62 
Ground-based measurements of ash cloud properties can be made by weather radar (Lacasse et al., 63 
2004; Rose et al., 1995), specialised Doppler radar (Donnadieu, 2012; Hort and Scharff, 2016; Scharff et 64 
al., 2012) or lidar (Hervo et al., 2012; Mona et al., 2012). However, such observations are restricted by 65 
the spatial and temporal availability of instruments. Wider opportunities are provided by satellite 66 
remote sensing and a recent overview of satellite techniques for observations of volcanic Cloud Top 67 
Height (CTH) is given by Merucci et al. (2016). Operationally used height estimates are based on satellite 68 
observations of brightness temperature in CO2 absorption bands (Frey et al., 1999), but these estimates 69 
are of low accuracy, e.g. with biases of >1 km and standard deviations of ~3 km (Holz et al., 2008). The 70 
most precise CTH measurements are achieved with satellite lidar such as the Cloud-Aerosol Lidar with 71 
Orthogonal Polarization (CALIOP) instrument on the CALIPSO satellite (NASA, 2014), with a horizontal 72 
resolution of 333–1667 m and vertical resolution of 30–180 m, depending on the distance to the ground. 73 
CALIOP has already been used successfully for volcanic ash cloud monitoring at Chaiten 2008 (Carn et 74 
al., 2009), Kasatochi 2008 (Karagulian et al., 2010), and Eyjafjallajökull 2010 (Stohl et al., 2011). 75 
However, by providing only nadir measurements over swath width of 1 km, the instrument has a revisit 76 
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time of 16 days and so is unlikely to capture the earliest stages of eruptions, when estimation of initial 77 
eruption parameters is critical for timely and accurate ash dispersion modelling. 78 
Future measurement opportunities will be offered by the continuously increasing capabilities of pico- 79 
and nanosatellites, e.g. CubeSats, with a mass between 1 and 10 kg, and a size approximately that of a 80 
toaster (Chin et al., 2008; Heidt et al., 2000; Puig-Suari et al., 2001; Schilling, 2006; Zurbuchen et al., 81 
2016). Such platforms have many benefits over classic satellites including simpler and cheaper designs, 82 
faster build times and, consequently, many more units can be deployed. They can be applied to Earth 83 
surface monitoring (Selva and Krejci, 2012), and a constellation of >150 CubeSats from the company 84 
Planet is already delivering almost daily global coverage with up to 3 m spatial resolution in the visible 85 
spectrum (Planet, 2017). CubeSats are also currently being used for atmospheric monitoring, e.g. Stratos 86 
satellites for atmospheric profiles retrieval (Spire, 2017). Recent advances are developing the capability 87 
for in-orbit cooperation, to form self-organizing picosatellite formations (Schilling et al., 2017) rather 88 
than constellations (in which each satellite is individually controlled from ground). Formations will offer 89 
further interesting potential for innovative approaches in Earth observation applications and, here, we 90 
consider the forthcoming Telematics Earth Observation Mission (TOM), which is specifically designed for 91 
retrieving accurate CTH measurements by simultaneous acquisition of visible imagery from three 92 
different nanosatellites. The TOM is part of the Telematics International Mission (TIM; Schilling, 2017), 93 
and we focus on application of the TOM system for retrieving the height of volcanic ash clouds. 94 
In this work, we first review photogrammetric approaches to volcanic CTH measurements, then quantify 95 
CTH measurement precision for TOM and assess its sensitivity through processing simulated 96 
photogrammetric image networks. Finally, to test the use of structure-from-motion photogrammetric 97 
software on images of a real plume, and to demonstrate what eruptive parameters can be derived, we 98 
provide a case study in which images of the Sarychev 2009 eruption captured by astronauts on the 99 
International Space Station (ISS), are processed and used to constrain a 1-D eruption model.  100 
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2 Ash cloud photogrammetry using satellite data 101 
The earliest use of satellite data to estimate ash cloud heights with photogrammetric methods relied on 102 
measuring the length of the shadow cast by the cloud under known illumination conditions (Glaze et al., 103 
1989; Prata and Grant, 2001; Simpson et al., 2000; Spinetti et al., 2013). However, more recent 104 
approaches, based on photogrammetric analysis of image pairs, use the observation of parallax shifts 105 
(apparent movement in the projection plane). Photogrammetric methods can have a substantial 106 
advantage over other techniques for measuring cloud top heights due to requiring fewer metadata and 107 
assumptions about atmospheric conditions (Merucci et al., 2016). However, clouds can move very 108 
rapidly (e.g. >50 m s-1) and so, if images are not acquired simultaneously, additional estimates of cloud 109 
motion are also required (de Michele et al., 2016; Nelson et al., 2013; Urai, 2004). For a system to be 110 
fully independent of any additional atmospheric information, simultaneous observations of the same 111 
area must be available from two or more satellites (Zakšek et al., 2015). 112 
 113 
2.1 Parallax observations from a single satellite  114 
The most common approach to cloud photogrammetry is through instruments with multi-angle 115 
observation capabilities; for example, Prata and Turner (1997) used the forward and nadir views of the 116 
Along Track Scanning Radiometer (ATSR) to determine volcanic CTH for the 1996 Mt. Ruapehu eruption. 117 
ATSR was used also by Muller et al. (2007), who proposed that a combination of visible and thermal 118 
bands could yield information on multi-layer clouds. The Advanced Spaceborne Thermal Emission and 119 
Reflection Radiometer (ASTER) is also equipped with two cameras, and derived stereo cloud top heights 120 
have shown values that were ~1000 m higher than Moderate-resolution Imaging Spectroradiometer 121 
(MODIS) brightness temperature heights (Genkova et al., 2007). The Multi-angle Imaging 122 
SpectroRadiometer (MISR) has been utilized to retrieve volcanic CTH, optical depth, type, and shape of 123 
the finest particles for several eruptions (Flower and Kahn, 2017; Kahn and Limbacher, 2012; Nelson et 124 
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al., 2013; Scollo et al., 2012, 2010; Stohl et al., 2011). The stereo infrared spectral imaging radiometer 125 
flown on mission STS-85 of the space shuttle in 1997 has also been used to estimate CTH (Lancaster et 126 
al., 2003). Comparing the results with coincident direct laser ranging measurements from the shuttle 127 
laser altimeter showed that the radiometer mean heights were about 100 m greater, although this could 128 
be reduced if the data are segmented first (Manizade et al., 2006). 129 
The most recent volcanic CTH estimation used high resolution imagery from the Operational Land 130 
Imager (OLI) on Landsat 8 (de Michele et al., 2016), which retrieves multispectral channels at 30 m 131 
resolution and a panchromatic channel at 15 m resolution. Due to the very short time lag between the 132 
retrievals of different channels (less than 1 s), the baseline available to estimate CTH from a single 133 
satellite overpass (the distance between satellite positions at the time of retrieval for each spectral 134 
channel) is also relatively short (about 4 km from an orbit height of 705 km). Thus, a CTH accuracy better 135 
than ~500 m (de Michele et al., 2016) can only be achieved using high resolution imagery (~10 m) in 136 
which parallax can be resolved over such short baselines. If image resolution is coarser (e.g. 275 m for 137 
MISR), then a larger baseline is required. 138 
 139 
2.2 Parallax observations from two different satellites 140 
The use of two independent geostationary satellites for stereoscopic measurements of meteorological 141 
cloud-top heights was proposed several decades ago (Hasler, 1981; Hasler et al., 1991, 1983; Ondrejka 142 
and Conover, 1966; Wylie et al., 1998; Wylie and Menzel, 1989), with the results accurate to between 143 
500 m (Hasler et al., 1983) and 1000 m (Seiz et al., 2007). For ash clouds, a combination of Meteosat-5/-144 
8 TIR data has been used to monitor the eruption of Karthala in 2005 (Carboni et al., 2008) and Etna in 145 
2013 (Merucci et al., 2016). A combination of satellites in low and  geostationary orbits can also be used 146 
(Hasler et al., 1983) although this has only  been applied so far to the 2010 Eyjafjallajökull (Zakšek et al., 147 
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2013) and 2013 Etna eruptions (Corradini et al., 2016) with MODIS and Spinning Enhanced Visible and 148 
InfraRed Imager (SEVIRI) images.   149 
 150 
2.3 Telematics Earth Observation Mission 151 
The Telematics Earth Observation Mission (TOM) is a proposed satellite mission for photogrammetric 152 
observations of clouds (Zakšek et al., 2015) and will be realized as part of the international Telematics 153 
International Mission (TIM; Schilling, 2017), that is focussed on the application of picosatellites 154 
(CubeSats) for Earth observation purposes. TOM is dedicated to observing cloud top heights and will be 155 
launched as a formation of three satellites in 2020. The satellites will be operated as a single self-156 
organising system capable of real-time reaction (Nogueira et al., 2017a, 2017b). In particular, 157 
autonomous cooperation between the spacecraft will allow synchronised imaging from multiple 158 
perspectives, to provide the basis for a novel remote cloud sensing approach, underpinned by least 159 
30×20 km. This will allow unbiased CTH estimation also for clouds with several layers, which is important 160 
because wind direction and speed depend on the height. The satellites will be 3-axis stabilised and able 161 
to provide observations away from nadir with a pointing accuracy better than 1° (due to the use of an 162 
innovative miniature reaction wheel for efficient 3-axes-attitude control with a power demand <0.5 W). 163 
In addition, ground control points (GCPs) will be used to enable high quality image georeferencing.  164 
The TOM project only started at the beginning of 2017 and the main mission characteristics are now 165 
defined (Schilling et al., 2017). TOM nanosatellites will be based on an underlying picosatellite bus, 166 
already demonstrated in earlier UWE (German abbreviation for Universität Würzburg Experimental-167 
Satellit) missions (Busch et al., 2015; Schilling, 2006), but possibly enlarged to accommodate a 168 
commercial frame camera. The camera will not be radiometrically calibrated but, from an orbit of 600 169 
km altitude, will give a spatial resolution in nadir of 10–40 m. 170 
9 
 
 The most promising orbital arrangement for photogrammetric purposes uses three satellites (S1, S2 and 171 
S3) distributed over two different orbital planes. Satellites S1 and S3 (see Figure 1) fly in the same orbital 172 
plane, at an average separation of 170 km.  Satellite S2 is inserted in another orbital plane with a slight 173 
offset in right ascension of the ascending node, crossing the S1/S3 orbital plane (Figure 1), such that the 174 
maximum cross-track distance between S2 and the S1-S3 plane is approximately 50 km. Thus, S2 will be 175 
continuously changing its distance to both S1 and S3; the maximal distance will be 100 km and minimal 176 
85 km (at such distances the communications link energy budget is still sufficient to enable inter-satellite 177 
contact). For a maximum slew angle of 30°, a single formation can provide at least one daylight 178 
observation window for a chosen area, per week. This three-satellite TOM is a proof of concept mission 179 
and, to deliver a higher overpass frequency for operational purposes, a constellation of TOM-similar 180 
formations would be required. 181 
 182 













3 Methods 185 
 186 
3.1 CTH measurements from TOM: precision and sensitivities 187 
To explore the potential precision of volcanic CTH measurements from photogrammetric analysis of 188 
TOM imagery, we constructed simulated image networks and processed them by bundle adjustment in 189 
the photogrammetric software VMS (Geometric Software, 2015). The ground and plume scene were 190 
represented by 5000 virtual 3-D points, distributed over a grid (with some random perturbations) to 191 
represent the position of surface features identified as tie points within images (Figure 2). The grid 192 
extended ±20 km from a central origin in X and Y on the ground (i.e. providing a tie point every ~570 m), 193 
and the ash cloud top was represented by elevating the points within a radius of 2 km of the origin 194 
(approximately 40 points) to a height of 10 km. The scene was observed by three identical virtual 195 
cameras (Table 1) positioned at locations suitable to represent TOM satellite locations, with their optic 196 
axes pointed at the origin so that the plume top was captured near the centre of the image. The pixel 197 
coordinates at which each 3-D point would appear in each image were then calculated, with small 198 
pseudo-random offsets applied from a normal distribution of prescribed standard deviation, σi, to 199 
represent image measurement precision. Simulations were carried out with three different values of σi, 200 
0.5, 1 and 2 pixels, to represent a range of precision values typical of the type of feature detectors 201 
commonly used in structure-from-motion (SfM) software, under good to poor (i.e. weak image texture 202 
and image noise) imaging conditions. Atmospheric refraction was not simulated, but refraction effects 203 




Figure 2. Simulated imaging scenario. The three TOM nanosatellites (triangles) are 600 km above the 206 
ground scene points. The enlarged inset shows the tie points representing the ground surface and the 207 
elevated tie points representing the top of the plume, located at 10 km above the origin. Larger (red) 208 
symbols represent GCP locations. 209 
 210 
Table 1. Simulation parameter values. 211 
Parameter Value 
Cameras:  
Principal distance  200 mm 
Image size  4000 × 3000 pixels 
Pixel size 3.3 µm 
  
Survey geometry:  
Camera positions, [X, Y, Z] (km) 
S1: [ 0  85 600] 
S2: [50  0  600] 
S3: [ 0 -85 600] 
Nominal image footprint ~40 × 30 km 





Photogrammetric control measurements were introduced through including the camera positions and 214 
orientations as known values, along with up to five virtual ground control points (GCPs). The precision of 215 
camera control data was defined as ±2 m for camera position and ±1° for camera orientation, reflecting 216 
the TOM specifications. GCPs were located in a ‘dice’ arrangement around the origin at maximum 217 
distances of ±10 km in X and Y (Figure 2). To assess the sensitivity of results to the precision of GCP 218 
measurements, simulations were carried out assuming different GCP precision values over the range of  219 
5–100 m (in X, Y and Z). Bundle adjustments were processed using an invariant camera model, with the 220 
resulting VMS output providing coordinate precision estimates for each 3-D point. CTH measurement 221 
precision was then estimated by identifying the 3-D points that represented the plume top, and 222 
averaging their vertical precision values. 223 
Bundle adjustments were also carried out without including control measurements, to assess the 224 
photogrammetric strength of the image networks alone (i.e. with the given imaging geometry and the 225 
defined image measurement precision, but independent of any georeferencing to an external 226 
coordinate system). Consequently, the resulting point coordinate precision estimates, given by 227 
adjustment under ‘inner constraints’ (Granshaw, 1980), can be considered to be the optimal values 228 
possible for the image network in isolation. Thus, comparing such results to equivalents obtained with 229 
control measurements gives insight into the relative contributions of photogrammetric and 230 
georeferencing aspects to the overall precision estimates. For example, in cases where georeferenced 231 
precision estimates are substantially weaker than those estimated by the inner constraints solution, 232 
then the precision-limiting factors are related to the georeferencing, and improving control (e.g. more, 233 




3.2 Sarychev Peak eruption, imaging and analysis  236 
To trial real space-based frame camera imagery for volcanic CTH measurements using the best data 237 
currently available as a proxy for TOM, we processed astronaut photographs of the eruption column 238 
from the 2009 Sarychev Peak eruption (Figure 3). The recent activity of Sarychev Peak, on Matua Island 239 
(Kuril islands, Russia) has been dominated by andesitic volcanism and, since about 500 AD, mainly by 240 
basaltic andesite (Martynov et al., 2015). For eruption modelling, Sarychev’s Holocene activity has an 241 
average magma composition of SiO2 55 wt%, MgO 4 wt%, TiO2 0.8 wt%, Al2O3 19 wt%, CaO 8 wt%, Na2O 242 
3.5 wt%, K2O 1 wt%, and FeO 8 wt% (Martynov et al., 2015), but the volatile content, particularly for the 243 
2009 eruption, is unknown. However, observations of strong condensation in the upper part of the 244 
eruption column (Figure 3) suggest a non-negligible amount of water was present in the melt prior to 245 
eruption. For the average magma composition above, the MELTS software (Asimow and Ghiorso, 1998; 246 
Ghiorso and Sack, 1995) yields an estimated liquidus temperature of about 1200 °C, for which the melt 247 
viscosity would be on the order of 500 Pa s with no water present (Giordano et al., 2008), but would 248 
significantly reduce with increasing water content. 249 
During June 11–21, 2009, Sarychev Peak erupted explosively (Levin et al., 2010; Rybin et al., 2011), 250 
disrupting aviation traffic between the West coast of North America and East Asia. On June 12th, the 251 
International Space Station (ISS) passed Sarychev Peak and astronauts photographed the eruption 252 
column (NASA, 2017). According to the official advisory of the Tokyo Volcanic Asch Advisory Centre, the 253 
ash reached a flight level 340, meaning that it might have reached a height of 10.4 km above the ground 254 
(Tokyo VAAC, 2009). No ground observations were available during the eruption. The images (Figure 3) 255 
reveal Matua Island through an opening in the clouds surrounding the vertically ascending column, 256 
which was topped by cap cloud (or pileus, seen in white in Figure 3), indicating rapid ascent and that the 257 
water content was high. On the right or lower right of each image, the volcanic ash is seen drifting away 258 






Figure 3. Example photos (ISS020E008746 taken with Nikon D3X camera and 300 mm lens, 263 
ISS020E008750 taken with Nikon D3X camera and 800 mm lens, ISS020E009031, and ISS020E009052 264 
both taken with Nikon D2Xs camera and 400 mm lens) taken by ISS astronauts of the Sarychev Peak 265 
eruption on June 12th 2009 at approximately 22:16 UTC. Credit: Earth Science and Remote Sensing Unit, 266 
NASA Johnson Space Center (NASA, 2017). 267 
 268 
During the astronaut observations, the eruption was recorded with three cameras from an ISS altitude 269 
of approximately 337 km (NASA, 2017): 270 
 a Nikon D3X camera and 300 mm lens (5 images, over a 14 s long time-span),  271 
 a Nikon D2Xs camera and 400 mm lens (31 images, over a 53 s long time-span), and  272 
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 a Nikon D3X camera and 800 mm lens (9 images, over a 27 s long time-span).  273 
The images are not a perfect simulation-dataset for TOM because they were all acquired from the same 274 
platform (ISS), rather than simultaneously from different platforms. Thus, an appropriate baseline for 275 
photogrammetric analysis is only achieved by using images taken at different times, during which the 276 
eruption column is constantly evolving, and hence degrading photogrammetric analyses. However, ISS 277 
has an approximate speed of 7.7 km s-1, which gives a suitable angular change with respect to a point on 278 
the Earth’s surface of 6° in just 5 s, making a proof-of-concept photogrammetric analysis possible, in the 279 
absence of more appropriate data. 280 
Structure-from-motion (SfM) processing was applied using PhotoScan Pro (v.1.2.6) software, with 281 
multiple selected image sets from each camera processed separately. Initial camera alignments were 282 
carried out using PhotoScan’s ‘high accuracy’ setting. Due to the weak image network geometry (small 283 
numbers of images taken relatively close to each other, target far away), both GCPs and known camera 284 
positions had to be included as control measurements within the bundle adjustment in order to achieve 285 
useful results, and only focal length was adjusted within the camera model. Five natural features were 286 
identified in the imagery for GCPs, and their ground coordinates ascertained from Google Earth to an 287 
estimated relative precision of 20 m (in X, Y and Z). GCP positions in images were manually identified, 288 
then refined using a semi-automated patch matching algorithm (James et al., 2017a; James and Robson, 289 
2012) although, in some cases, image noise prevented successful patch matching and manual values 290 
were retained. 291 
Camera positions could be estimated by combining image time-stamps (provided in the images 292 
metadata) with the modelled ISS orbital path (Myflipside Media, 2007). For images acquired from the 293 
same camera in short succession, time-stamps have a relative precision of 0.01 s. The precision of the 294 
modelled orbit is ~100 m per coordinate (in a geocentric coordinate system based on the WGS 84 295 
datum), and approximately the same error can be related to the errors in timing and 7.7 km s-1 orbit 296 
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speed of ISS. Considering the geographic position of the volcano and the vector of motion 297 
(predominantly West-East, meaning along Y axis), we estimated relative precisions for camera position 298 
control data of 150 m in X and Z direction and 250 m in the Y direction. Consequently, within the bundle 299 
adjustment, all control measurements (GCPs and camera positions) were defined with precision 300 
estimates, and PhotoScan’s ‘accuracy’ settings for image measurements were adjusted appropriately to 301 
reflect the RMS image residuals on both GCPs and tie points (Table 2; James et al., 2017a).   302 
However, because the cameras’ internal clocks were not precisely synchronised to UTC (and could have 303 
drifted by ±10 s equivalent to ~80 km; personal communication with astronaut A. Gerst, European Space 304 
Agency), the absolute estimates of camera position were subject to much greater uncertainty along the 305 
orbital path. In order to determine the likely UTC timing offset value for any specified image set, 306 
repeated bundle adjustments were carried out to cover the range of camera positions representing an 307 
uncertainty of ±15 s in the absolute time-stamp values (tested at increments of 0.1 s). The most likely 308 
time offset was then determined by the minimum RMS (root mean square) misfit between the orbit-309 
estimated camera control positions and those estimated by the bundle adjustment. Once an optimum 310 
time offset had been ascertained, the data were fully processed into a dense point cloud (using 311 
PhotoScan’s ‘medium’ quality or point density setting), manually cleaned of outlier points and 312 
interpolated into a CTH map representing the highest points over a regular grid of 10” resolution 313 
(approximately 300 m). 314 
The three different camera/lens combinations resulted in three independent collections of images, 315 
within each of which, different combinations of images were processed to assess the repeatability of 316 
results. The image combinations (Table 2) were selected to represent different mean times for the 317 
retrievals and different durations of observations (a long time span between images increased the 318 
viewing angle, but also increased uncertainty due to the evolution of the plume). As a further indicator 319 
of quality, coordinate precision estimates were also made for the 3-D points of individual 320 
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photogrammetric models. However, in contrast to the VMS software used for the simulations (which 321 
outputs such precision estimates), PhotoScan does not provide point precision information directly, so a 322 
Monte Carlo approach was used; see James et al. (2017b) for details. The Monte Carlo method provides 323 
point coordinate precision estimates, but also gives additional insight into how much overall precision is 324 
limited by either photogrammetric considerations (which affect the relative shape of a model) or 325 
georeferencing considerations (which affect the location, orientation and scale of a model). 326 
 327 
Table 2. Different scenarios for the sensitivity analyses. Bold rows indicate image sets used later as 328 
characteristic for the specific camera/lens combination.   329 




































D3X + 300 mm          
I [4] 8743–46 -0.5 22:15:37.1 3.89 12.6 32 447 51 1.1 1.3 
II [4] 8743–46 -1.5 22:15:36.1 3.89 11.7 32 348 69 1.1 1.3 
III [4] 8743–46 -2.5 22:15:35.1 3.89 10.9 32 413 59 1.1 1.3 
           
D2Xs + 400 mm          
IV [8] 9022–24; 
9026–30 
-6.3 22:15:25.0 5.70 8.4 438 234 73 1.5 1.6 
V [4] 9035–38 -7.0 22:15:35.6 4.99 11.3 420 265 61 1.3 1.0 
VI [13] 9040–52 -6.7 22:16:02.9 23.25 35.1 829 268 81 2.0 3.0 
           
D3X + 800 mm          
VII [8] 8738–42; 
8747–49 
-2.5 22:15:35.1 20.19 10.9 1369 201 86 3.4 3.1 
VIII [5] 8738–42 -2.6 22:15:29.5 4.42 7.8 505 193 67 2.5 1.5 




4 Results 331 
4.1 Simulated TOM CTH measurements: precision and sensitivities 332 
The simulations demonstrated that, for TOM imaging geometry and GCP coordinates known to ~20 m or 333 
better, CTH precision was limited by image measurement precision and the number of GCPs used, and 334 
was insensitive to the precision of the GCP ground survey (Figure 4). Under these conditions, CTH 335 
precision scaled linearly with image measurement precision, σi; for example, with 5 GCPs, CTH precision 336 
increased from ~25 m for σi = 0.5 pixel to ~100 m for σi = 2 pixels. For a specific number of GCPs, the 337 
results can be generalised by curve fitting to the data (given in Figure 4 left panel) to give CTH precision 338 
estimates,     , in metres to within 10% by the empirical equation 339 
               
        Eq. 1. 340 
where a, b, c and d are derived constants (   is in pixels and      is in metres). For 5 GCPs (Figure 4, 341 
solid symbols), a = 50.4, b = 0.00761, c = 1.83 and d = 0.156. 342 
 343 
 344 
Figure 4. (Left panel) Estimated precision of CTH measurements from simulated image networks, for 345 
varying ground survey precision of GCPs. Results for three different image measurement precisions 346 
(with RMS image tie point residual, σi = 0.5, 1 or 2 pixels) are shown, with the shaded areas enveloping 347 
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those obtained from networks incorporating 5 GCPs (solid symbols) and those with only 1 GCP (open 348 
symbols). (Right panel) Precision of CTH measurements estimated from the simulated image networks 349 
with varying numbers of GCPs. The different curves result from processing with three different image 350 
measurement precisions, σi = 0.5, 1 or 2 pix, all processed using a ground survey precision of 20 m for 351 
the GCP(s). In both panels, the straight dashed lines illustrate the best possible precision from the 352 
photogrammetry alone (i.e. from an inner constraints solution), when precision is not diluted by 353 
weaknesses in the control and georeferencing. 354 
 355 
As the number of GCPs is reduced from 5 to 1 GCP, CTH measurement precision degrades by ~30 % 356 
(Figure 4 right panel). Nevertheless, in conjunction with the camera position data, even using one GCP 357 
provides a reasonable scale constraint; if no GCPs are available and georeferencing relies on camera 358 
position and orientation data alone, CTH precision values degrade to 330, 660 and 1300 m for σi = 0.5, 1 359 
or 2 pix respectively. 360 
 361 
4.2 Sarychev CTH measurements 362 
The ISS image sets successfully enabled photogrammetric 3-D reconstructions of the ascending eruption 363 
column, dispersing ash plumes and a pyroclastic flow as well as cloud layers (selected 3-D point clouds 364 
are available as interactive visualisations online: D3X 300 mm – https://skfb.ly/6supW, D2Xs 400 mm – 365 
https://skfb.ly/6suLT and D3X 800 mm – https://skfb.ly/6su7B). Visual comparisons of the CTH maps 366 
derived from image sets from different cameras (Figure 5) show that they are broadly consistent in 367 
terms of the height and distribution of the observed layers. The top height of the eruption column 368 
reached >10 km and the condensation level for the pileus cloud was estimated at 7.5–8 km. Two plumes 369 
are drifting away from the vent region, with the higher one (at ~8 km altitude) dispersing to the South-370 
East and the lower one (at ~3 km altitude) dispersing to the West. The dispersing plumes were 371 
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particularly well observed with the Nikon D3X camera in combination with 300 mm lens (Figure 5, left 372 




Figure 5. CTH over Matua Island (marked with a dash-dotted outline) estimated from the images taken 377 
with Nikon D3X camera with 300 mm lens (left, scenario II in Table 2), Nikon D2Xs camera with 400 mm 378 
lens (middle, scenario IV in Table 2), and Nikon D3X camera with 800 mm lens (right, scenario VIII in 379 
Table 2).  380 
 381 
The next step of the analysis was to refine the control data by determining the timing offsets that 382 
represented the optimum camera positions, as indicated by minimum RMSE values on control (e.g. 383 
Figure 6). Note that the results (e.g. an RMSE of 348 m for the D3X camera with the 300 mm lens) reflect 384 
substantially greater uncertainty in camera position data than anticipated for TOM (~2 m), so the 385 





Figure 6. Optimization of the timing offset (and hence position) for the D3X camera with the 300 mm 389 
lens. A clear minimum is visible for a time offset of -1.5 s (RMSE on the camera positions is 348 m and 390 
69.1 m on the GCPs). Note that the logarithmic scale on the Y axis. 391 
 392 
For different combinations of input images from the same camera, the optimum timing offsets 393 
determined (for minimum RMSE values on either camera positions or on GCPs) differ by up to only 394 
~0.2 s, giving confidence in the reproducibility of the CTH measurements. Nevertheless, to assess CTH 395 
sensitivity to uncertainty in timing, we calculated CTH differences for scenarios CTHI – II and CTHIII – II, in 396 
which conservative timing offset errors of ±1 s were introduced for the D3X camera with the 300 mm 397 
lens (representing systematic changes of almost 8 km in camera positions, Table 2).  In areas close to the 398 
volcano, the resulting difference maps (Figure 7) only show substantial magnitude due to an apparent 399 
horizontal offset of the eruption column. With increasing distance from the volcano, vertical differences 400 
within the meteorological clouds in the North-East and in the ash cloud in the South-West become more 401 
pervasive and indicative of relative tilt between the different models. Both of these effects are in line 402 
with small model rotations about the GCPs, induced by the change in prescribed camera positions. 403 




























Figure 7. Comparison of CTH differences estimated from the images taken with Nikon D3X camera with 410 
300 mm lens. Left panel: differences between scenarios I and II with a relative time offset -1 s. Right 411 
panel: differences between scenarios III and II with a relative time offset +1 s (Table 2). 412 
 413 
Following optimization of the timing offsets, the CTH results from different scenarios (Table 2) should be 414 
almost consistent; nevertheless, given that the image timings are up to ~11 s apart, we might expect 415 
that some parts of the eruption column have evolved sufficiently to observe these differences in CTH 416 
maps. To carry out quantitative pairwise comparisons between the results from different cameras, we 417 
computed the determination coefficient (r2) and the root mean square deviation (RMSD) for CTH map 418 
pairs from scenarios II, IV and VIII, over an area that contains data in all three maps (153.15°–153.23° E 419 
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and 48.03°–48.11° N; Figure 5, Table 3). To remove the influence of outliers (which probably result 420 
mainly from horizontal variation at the edges of the eruption column), differences that exceeded 2 km 421 
were discarded. Although a few outliers <2 km still remain (Figure 8), they have only a small influence on 422 
the determination coefficient, which is ~0.99 in all three cases, and bias is insignificant (Table 3). Outlier 423 
influence on RMSD is more significant; if outliers >1 km were removed, RMSD values (Table 3) would be 424 
reduced to approximately 100 m. Thus, despite some noise, independent CTH values derived from the 425 
different cameras show excellent consilience. The small biases (Table 3) observed also in Figure 8 might 426 
be related to temporal evolution of the eruption column. 427 
 428 
Figure 8. Comparisons of CTH values derived from different cameras for areas where all CTH maps 429 
contain data: D3X 300 mm vs. D2Xs 400 mm camera (black), D3X 300 mm vs. D3X 800 mm camera (red), 430 




Table 3. Comparison of CTH maps – basic statistics. 433 
 r2 RMSD [m] Bias [m] 
CTHII vs. CTHIV (D3x 300 mm vs. D2Xs 400 mm) 0.992 327 45 
CTHII vs. CTHVIII (D3x 300 mm vs. D3X 800 mm) 0.989 371 10 
CTHIV vs. CTHVIII (D2Xs 400 mm vs. D3X 800 mm) 0.989 383 39 
 434 
5 Discussion 435 
Photogrammetric measurement of clouds is a very useful methodology for a range of different 436 
disciplines and, for example, could be also used for assessing anthropogenic aerosol, which has a 437 
substantial influence on climate and precipitation (Koren et al., 2004; Ramanathan et al., 2001; 438 
Rosenfeld, 2000). The photogrammetric approach used here is underpinned by assumptions of linear ray 439 
propagation and point reflection, so it is suitable for the dense near-vent portions of opaque volcanic 440 
ash clouds. We note, however, that in the case of a homogeneous background, also a semi-transparent 441 
cloud with optical depth (AOD) of 0.5  is already enough to run photogrammetric procedures (Merucci 442 
et al., 2016). Therefore, a satellite mission dedicated to cloud photogrammetry can also be considered 443 
as the first step towards 3D cloud tomography, which would enable volumetric data retrieval from 444 
dilute, dispersed plumes or cloud bodies (Levis et al., 2015).  445 
Our results illustrate that with structure-from-motion photogrammetry and only a few space-based 446 
frame camera photographs, CTH measurements can be retrieved with a precision comparable to lidar 447 
vertical resolution. This demonstrates the great potential of photogrammetric methods and dedicated 448 
picosatellite missions like TOM for ash cloud monitoring. Formations of small satellites will offer 449 
significant measurement opportunities, in particular, as new miniature high precision 3-axes-control 450 
systems based on reaction wheels and high quality attitude determination sensors, become available. 451 
Our simulations show how CTH precision degrades systematically as the quality of control and image 452 
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measurements is reduced (Figure 4), and that expected precisions can be modelled empirically to aid in 453 
mission planning and individual survey design.  454 
The CTH measurements made for the Sarychev Peak case study did not reach the quality suggested by 455 
the TOM simulations. However, in contrast to TOM imagery, the astronaut photographs were subject to 456 
image measurement error due to an evolving plume and to unknown refraction effects resulting from 457 
the photographs being acquired through the spacecraft window. Nevertheless, CTH precision estimates 458 
for almost all scenarios were <250 m (Figure 9) and, although external validation is not directly possible 459 
(because thermal based CTH estimates have a larger uncertainty and the first lidar observations were 460 
only available from five days after the ISS observations (Prata et al., 2017)), our independently 461 
processed image sets demonstrate overall consistency (Figure 8). The most precise results were 462 
achieved by processing four images acquired over a duration of 5 s (CTHV, D2Xs camera and 400 mm 463 
lens), giving a mean vertical precision for ash CTH measurements of ~170 m. Precision degraded to 464 
~230 m with increasing duration of image capture (23 s for this camera, CTHVI, Table 2), reflecting the 465 
greater magnitude of the image residuals. Thus, although increasing the number of images may be 466 
normally expected to improve photogrammetric precision, the opposite is observed due to the non-467 
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Figure 9. Vertical precision: total, considering only shape contribution, and considering only 470 
georeferenced contribution. 471 
Our photogrammetric approach also makes it possible to consider the temporal evolution of the plume 472 
and to assess whether neutral buoyancy was reached. We then use a 1-D plume model to make rough 473 
estimates on eruption source parameters (vent radius, eruption exit velocity and mass eruption rate) 474 
that are important for plume dispersion modelling. 475 
 476 
5.1 Temporal evolution of the eruption column 477 
Through having processed image sets acquired at different times, we can assess the temporal evolution 478 
of the eruption column (Figure 10). We want to stress that we here focus the on upward movement, 479 
associated with some minor buoyancy-driven lateral expansion, but not substantial lateral advection of 480 
the plume due wind. Visual inspection of the photographs (Figure 3) shows a near-symmetric plume 481 
shape, which is dominated by vertical rather than horizontal motion. Therefore, we did not correct our 482 
results for the effect of wind. This can be, in a case of a clearly defined plume corrected as suggested by 483 
Nelson et al. (2013). 484 
For each image set, mean CTH values were estimated for all pixels within the eruption column that were 485 
higher than 7, 8, 9 or 10 km. The evolution of these mean height values (Figure 10), demonstrates that 486 
the eruption column was still developing during the ISS overpass, with detectable ascent velocities when 487 
the lower parts of the column are included (a mean ascent velocity of ~14 m s-1 for pixels ≥7 km high). 488 
Such velocities indicate that either 1) a part of the eruption column (a pulse) is rising or 2) the higher 489 
part of the eruption column is spreading. The highest parts of the column (≥10 km) show no significant 490 
upward velocity (0.9 m s-1), suggesting that the neutral buoyancy height (NBH) had already been 491 




Figure 10. Comparison of mean CTH values estimated from combinations of images collected at 494 
different times (Table 2) for different height layers. The error bars represent the georeferencing 495 
component of the precision estimates, which will be systematic across the averaged CTH pixel values. 496 
 497 
5.2 Eruption column modelling 498 
Considering the maximum eruption column height of 10.6–11.1 km derived from the ISS observations, 499 
the mass flux at the vent can be estimated to be around 3×106 kg s-1 using well established relationships 500 
between rise height of an eruption column and mass flux (Mastin, 2014). Given this approximate mass 501 
flux and the fact that there was no significant shearing of the eruption column due to wind (Figure 3), a 502 
straightforward 1-D model can be used to constrain estimates of initial water content, vent size and 503 
eruption velocity (Mastin, 2007). The results of the model calculations are compiled in Table 4. 504 
 505 
Table 4. The results of the 1-D model calculations. The following parameters have been kept constant in 506 
all model calculations: atmospheric profile from Yuzhno-Sakhalinsk airport (46°53’N, 142°43’E, 507 
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http://weather.uwyo.edu/upperair/sounding.html) at 2009-06-13-00 UTC, vent elevation of 1500 m and 508 
eruption temperature of 1000 °C, which was chosen to reflect the fact that magma is not erupted at its 509 
liquidus temperature and that the erupted gas/ash mixture is typically over-pressurized upon eruption, 510 
leading to an initial cooling of the plume until it is equilibrated to ambient pressure. The atmospheric 511 
sounding data from Yuzhno-Sakhalinsk airport included relative humidity and entrained air adds 512 
additional water to the ascending plume. Note that changes in the eruption temperature (+/- 100 °C) 513 
would affect the height reported by less than 1%. The bold line indicates the most convincing 514 






















50 80 3 0.73 5.0   9.2 10.7 
50 80 2 1.00 5.8   9.4 11.0 
50 80 1 2.10 6.7   9.6 11.8 
50 100 3 0.92 5.8   9.4 10.9 
50 100 2 1.40 6.0   9.5 11.3 
50 100 1 2.60 7.0   9.8 12.1 
50 120 3 1.10 5.5   9.4 11.1 
50 120 2 1.60 6.1   9.6 11.5 
50 120 1 3.20 7.2   9.8 12.4 
50 140 3 1.30 5.6   9.5 11.2 
50 140 2 1.90 6.3   9.6 11.7 
50 140 1 3.70 7.4   9.9 12.6 
75 60 3 1.20 5.8   9.5 11.3 
75 60 2 1.80 6.5   9.6 11.7 
75 60 1 3.60 7.7   10.0 12.8 
75 80 3 1.70 6.1   9.6 11.6 
75 80 2 2.50 6.8   9.8 12.1 
75 80 1 4.70 8.0   10.0 13.2 
40 100 3 0.59 4.8   8.9 10.5 
40 100 2 0.87 5.6   9.3 10.8 




The photogrammetric observations suggest a NBH of about 10 km (Figure 10), a maximum eruption 518 
column height of 10.6–11.1 km, and an estimated level of condensation of 7.5–8 km. We can now 519 
compare these observational data to the results of the model calculation. The modelled NBH is fairly 520 
constant in all calculations, but with a tendency to increase towards the observed value with increasing 521 
mass eruption rate and with decreasing water content.  A low water content and high mass eruption 522 
rate scenario is also supported by the observation of the condensation level. This is somewhat 523 
contradicted by the observation of the CHT, that would call for lower mass eruption rates and higher 524 
water contents. The most convincing combination, which best matches model and photogrammetric 525 
estimates of condensation level and NBH, is a vent radius of ~50 m, an exit velocity of ~100 m s-1, and an 526 
initial water content of 1 wt%, implying a mass eruption rate of 2.6×106 kg s-1 during the ISS overpass 527 
(Table 4, bold line). This is also consistent with the NBH determined from the images, of around 10 km. 528 
 529 
6 Conclusions 530 
We have used images of the 2009 Sarychev Peak eruption taken by ISS astronauts to demonstrate that 531 
structure-from-motion photogrammetry with space-borne frame-camera imagery can produce robust 532 
estimates of volcanic CTH, which is one of the key source parameters for ash dispersion modelling. Our 533 
results have a vertical precision of ~200 m, which is comparable to lidar vertical resolution. However, 534 
our photogrammetric analysis also provides better spatial coverage and more detail of plume geometry 535 
than lidar, as well as offering the possibility of observing plume evolution over durations of order 1 min. 536 
Our results provide strong proof of concept in preparation for TOM, the picosatellite mission currently in 537 
development and dedicated to photogrammetric CTH observations through simultaneous image 538 
acquisition from multiple cooperating picosatellites. Simulated photogrammetric image networks for 539 
TOM suggest that vertical precisions of ~50 m could be achieved. By providing such data, TOM will offer 540 
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wider possibilities, such as more accurate studies of multiple cloud layers and derivation of 3-D velocity 541 
vectors.  542 
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